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EXECUTIVE SUMMARY

One of the strategic goals of the U.S. Consumer Product Safety Commission (CPSC) isto reduce
the carbon monoxide (CO) poisoning death rate by 20 percent by 2013. In support of this goal, CPSC staff
began a project in fiscal year 2002 to study the technical feasibility of an automatic safety shutoff system
that would prevent tank-top heatersfrom generating hazardous levels of CO, when operating the heaters in
poorly ventilated confined spaces, such astents or trailers. Although the intended use of tank-top heaters is
in well-ventilated areas, some consumers have used the heatersin confined spaces that are poorly
ventilated. In these situations, consumers may not provide proper ventilatio se it may seem
counter-intuitive to open a door or window when they are trying to stay warm out proper ventilation,
oxygen depletion occurs, impairing the combustion process and causin eatersto generate CO more
rapidly. This presents a CO poisoning hazard to consumers that col death or serious injury.
Between January 1996 and June 2003, CPSC staff investigated 35
resulted in the death of 49 individuas.

An automatic safety shutoff system requires two ' at a hazardous
condition may exist, and a mechanism to shut off the h . jpped with

The shutoff system consists of a thermocouple, which sen
electromagnetlc gas valve powered by the thermocouple B IS shutoff system already exists on

CPSC staff operated atank-top heater \h & ent to observe how the O,
concentration affected the CO emissions from tl performance of the burner
was affected. The tank- -top heater selected for the ‘ lilygavailable to consumers at local
hardware stores and was Smilé i : i anufacturers. The oxygen depletion

patteries, to operate. The second system would use atherma sensor to
on or near the heater, which is caused by a decrease in the O,

concentration. TF
power to operate. )
isinferred from the O, @@AEentration, which in turn isinferred from a temperature measurement.

CPSC staff desfgned and tested one CO shutoff system. The system combined a residential CO
aarm with the heater’ s existing flame failure shutoff system. In addition, the CO alarm was powered using
athermoelectric generator, which converted heat into eectricity, thereby eliminating the need for batteries.
The system successfully shut the heater off when a hazardous level of CO was detected within an enclosed
room.

Based on some preliminary tests, CPSC staff believes that an automatic CO shutoff system for
tank-top heaters is technicaly feasble. Thisreport isintended as afirst step in the development of a
potential CO shutoff system for tank-top heaters Additional testing and development work would be
necessary to explore the practicality of various CO shutdown system designs.



1. INTRODUCTION

1.1 Background

According to the most recent data available, staff at the U.S. Consumer Product Safety
Commission (CPSC) estimates that there were 13 deaths in the year 2000 due to non-fire carbon
monoxide (CO) poisonings associated with unvented portable propane heaters (Vagts, 2003). Portable
propane heaters can generate elevated levels of CO when operated in poorly ventilated confined spaces,
such as in tents, campers, or trailers, in which minimum or no ventilation is ided. In calcuating the
death estimate, CPSC staff considered two types of unvented portable pr ;
tank-top heaters. The primary difference between camp heaters and t heaters is thesize of the
propane tank that fuels the heaters. Camp heaters primarily use a
which contains approximately 1-pound of liquid propane. Tank-t er refillable tanks,
such as a 20-pound tank commonly used on outdoor gas grills j of yearly CO
deeths attributable to either type of heater is unknown, becadse information provi CPSC regarding a
particular incident is not always complete. However, beieen January 1996 and June
performed 52 in-depth investigations involving portablétype propanetieaters in which
information was available. Of the 52 incidents, 35 involved tagk-top ers, resulting in
people. Theremaining 17 incidents involved camp heaters a gdited in the death of 25 people.

Tank-top heaters are available in a wariety of models, rang
radiant burner to heaters equipped with mult diant burners. FQ (a) shows atank-top heater
equipped with asingle radiant burner and Figure shows a tank-top gyequipped with dual radiant
burners. In genera, the maximum energy—inp op heater egu pped with asingle radiant
burner is approximately 15,000 Btu/hr." By col avel agle radiant burners onto a common gas
manifold, the overall energy-igpuit rate of the heatefcabe increa n amultiple burner configuration,
the burners are independel g er and can operate |nd|V|d y or together. Of the 35 incidents
involving tank-top heatg by CPSC staffihetween January 1996 and June 2003, only 18 of
the incidents provideg ation to determiie the energy-input rate of the heater. Asshown
inTable 1, 14 of the 35in \ maximum energy=input rate between 12,000 Btu/hr and 15,000
Btu/hr, and four heaters had 3 ' iputséte between 24,000 Btu/hr to 45,000 Btu/hr. The

[ ini heaters Is"anknown.

rom heaters equipped with asingle

- _._‘_r' |_‘--_"

(a) Single burner (b) Dual burner

Figurel. Examplesof asingle burner tank-top heater and a dual burner tank-top heater

1 At least one manufacturer has desi gned asingle radiant burner capable of rates up to 45,000 Btu/hr (Long, €t. al., 1997).
2



Tablel1l. The maximum energy-input rate of tank -top heatersinvolved in CO poisoning deaths,
based on in-depth investigations by CPSC staff from January 1996 thr ough June 2003 *

Number of Radiant

Maximum Energy-Input Rate of Heater Number of Incidents BT

12,000 to 15,000 Btu/hr 14 1
24,000 Btu/hr 1 2
30,000 Btu/hr 1 2
45,000 Btu/hr 2 1

Unknown 17
1. Information obtained by reviewing individua in-depth investigations listed in Vagts (2

sare intended for usein
surrounding

markets for tank-
at construction

Tank-top heaters consume oxygen as they operate. Theref
well-ventilated areas, which can be defined asany space in which

top hesaters is the construction industry, which uses the h
sites. More recently, however, tank-top heaters have

ay seem counter-intuitive to
oper ventilation, oxygen depletion
ae CO morerapidly. As
ithin tents and

35 incidents, the user
ndow, but did not appreciate
nsuccessful in providing

eXposur es associated with tank-top heaters, based on
hpough June 2003 *

L eilen 60 e Number of Number of Number of Non-Fatal
Incidents Deaths Exposures

18 0

12 1

5 3

6 0

4 0

Fish House 4 1
Total 49 5

1. Vagts, 2003
2. “Other” category includes & cube van, enclosed deer blind, wood frame building, and a cabin with attached trailer
3. “Auto” category includes passenger vans, passenger cars, and cabs of semi trucks



As part of CPSC'’s strategic god to reduce the overall CO poisoning death rate by 20 percent by
2013, CPSC staff began a project in FY 2002 to study the technical feasibility of an automatic safety
shutdown device for tank-top heatersthat would shut the heater off before hazardous levels of CO
accumulated in a poorly ventilated confined space. This project was an add-on to the Camping Heater
Project, which concluded in FY 2002. The objective of the Camping Heater Project was to document the
CO emissions from currently available propane-fired camping heaters and determine whether these
heaters complied with the combustion requirementsin the American National Standard for Portable Type
Gas Camp Heaters, ANS Z21.63-2000. Revisions were made to the voluntary standard in April 2000
that limited the amount of CO that a heater can produce when operated in a confined space with alimited
air exchangerate. The standard dso limits the amount that the heater can d the oxygen in the room
during the test. Details of the Camp Heater Project are provided in afina rt (Tucholski,
2002). Although ANSI Z21.63 covers some tank-top heaters, not dl t heaters are covered by this
voluntary standard, because the energy-input rate of some heaters ex maximum limit specified in
the scope of the standard. Section 1.3 of this report discusses the di
to tank top heaters.

1.2 Tank-Top Heaters

operation is similar.® Figure 2 isadrawing of atypical tank-
burner assembly consists of at least two screens of varying m

, the radiant
. the burner head screen and the
d the surface of the burner head
reen, causing it to glow
low for maximum hegting,

bly to the propane tank The heater shown i |n
t-mount hemer In this configuration, a separate support assembly
assembly to the tank, and a gas hose conveys the

. Both types of heaters generally have the pressure regulator
pbly. The manual control valve controls the amount of fuel

the heater has three distinct settings: High, Medium, and Low. The
heater may also ilt-i ition source, such asa piezo-type electronic igniter, to ignite the gas
mixture when star . If the heater does not have a built-in ignition source, the user must

2 Of the 35 in-depth investigates conducted by CPSC staff between 1996 and June 2003 involving tank-top heaters, two of the
heaters were described as catalytic. A catalytic heater generates heat from a flameless catalytic reaction involving propane and
oxygen, while aflame s present in the operation of an infrared radiant heater. When photographs from one of the reported
catalytic heater incidents were examined, the heater appeared to be infrared.

8 This discussion of radiant burners is not meant to provide a detailed explanation about radiant burner designs or the theory
behind radiant burners, but rather to provide a general overview to those not familiar with these types of burners.

4 In some designs, a porous ceramic plaque is used as the burner, which also acts as the primary radiating surface.
4



-7 T~a Burner Assembly Shown
N in Cutaway View

Burner Head " g
Screen /
.'l \\
K v Primary Radiating
/ A — Screen
1 \
!
'
Plenum _
\
\}
\\
\ Lt
‘\
\\
\‘\ Thermocouple
Mixing Tube _/ T

Heat
Reflector

Gas Vave

Male Coupler
Built-In Pressure Regul ator

Figure2. Drawing ical tank-top radi ter,

Tank-top heatersare currently equipp i|ure shutgff device that prevents gas from
flowing to the burner if the flame goes out. As

consists of an electromagneti
ouple, andthe thermocouple then converts the heat
ermocouple to the gas valve, where it energizes an

electromagnet. Becal i¢force generated Dy the electromagnet is small compared to the force
required to compress the s e in the gas y@lve, the valve must be manually opened during
the startup of the he € [ hemanual override button. The magnetic force

old the gas valve open, alowing gasto flow to the

the thermocouple will cool, and the spring-loaded gas valve will

Thermocouple

Manual
Override

Electromagnetic
Gas Vave

Figure 3. Flame failure shutoff device on tank-top heaters
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1.3 Voluntary Standards

Different voluntary standards cover tank-top heaters, depending on the energy-input rate of the
heater, and the construction of the heater. Heaterswhose maximum energy-input rate setting is 12,000
Btu/hr or less are within the scope of the voluntary standard for portable type gas camp heaters (ANS|
Z21.63). Ingenera, ANSI Z21.63 applies to unvented portable type gas-fired heaters, of the infrared
type, that are intended for outdoor use, and have a maximum input rate up to and including 12,000 Btu/hr.
The combustion requirement in the voluntary standard specifies that when the heater is operated in a 100
cubic foot room having an air exchange rate of 0.5, 1.0, and 1.5 air changes per hour (ACH), the CO
concentration in the room cannot exceed 100 parts per million (ppm). In addition, the oxygen (O.,)
concentration in the room cannot be depleted below 16 percent during the tes

Tank-top heaters rated at more than 12,000 Btu/hr and that moui
currently not covered by any voluntary standard. Prior to the year 20

directly to apropane tank are
onstruction heater standard

heaters in the year 2000. Because these heaters are currentl [anelard, CPSC staff has
voiced its concerns to members of the Technical Advisol Jards for

Congtruction Heaters (ANS| Z283.7), Camp Heaters (Ab :
783.19/283.20). To date, no action has been taken by a i grage for direct-
mount tank-top heaters rated at more than 12,000 Btu/hr.

provided that the heaters are equipped with a SSE e andend fitting) and are
equipped with an ANSI/UL 144 approved pres e . i Sl Z83.7, the hose
assembly can be eliminated if the gas piping of t g pt the burner assembly. The
combustion requirement in ANSI Z83 7 specifiest I8 operated in aroom having a

5 not require the heaters to be tested in aroom
oluntary standard for camp heaters.

ppm) on an air-free bas
having a reduced oxyg



2. AUTOMATIC CO SHUTOFF SYSTEMS

2.1 Overview

An automatic safety shutoff system for gas-fired heaters requires two components. a sensor to
detect that a hazardous condition may exist, and a mechanism to shut the heater off when activated by the
sensor. Tank-top heaters are equipped with a flame failure shutoff device that prevents gas from flowing
to the burner when the flame goes out. Theflame failure shutoff device consists of a thermocouple,

combine the heater’ s flame failure shutoff device with a sensor that
condition may exigt, thereby creating a CO shutoff system.

2.2 Sensing Technologies

The sensing technologies considered in this repor
sense a change in the CO concentration and those that
technologies other than those discussed in this report
heater application due to severa factors, including e ectri
equipment, or the fragility of the equipment.

221 Carbon Monoxide

semiconductor sensors are commonly used in res 3 ions. Although not as
common, aresidential CO aarm,with a biotechnolQgy:tia )t isdso available.

eable mentbrane, two e ectrodes (anode and
C . When CO diffuses through the membrane, it is

oxidized to CO, on the & ition flow to the cathode, where a reduction

reaction takes place. The

proportlonei to the

ages of an electrochemical sensor are that the output
CO concentrations at the parts-per-million (ppm)
emlcal sensor are the narrow temperature range inwhich the

erate on the principle that the conductivity of certain materias can
cgas. Inthe presence of CO, oxygen absorbed at the surface of the
sensor reacts with i increase or decrease in the surface electrons, depending on the
semiconductor mate ange in the number of surface electrons resultsin achange in the
conductivity of the sens he change in resistance of the sensor is directly proportional to the changein
the CO concentration. lA'the past, the sensors were a meta oxide semiconductor (MOS), such astin
dioxide. These sensors were susceptible to humidity and temperature effects. Newer sensors are
available that are mixed meta oxide semiconductors (MMOS), such as chromium titanium oxide. The
MMOS sensors are projected to have alonger life and are less susceptible to the effects of humidity than
the MOS sensors. Other advantages of semiconductor sensors are as follows: small size, mechanically
rugged, can detect CO concentrations in the ppm range, and can operate in a wide temperature range. A
disadvantage of semiconductor sensors is that the output signa of the sensor is non-linear.



Biotechnol ogy- based gas sensors use a genetically engineered organic material to detect CO. The
Sensor consists of a porous, semi-trangparent substrate that is impregnated with a self-regenerating
chemical sensor reagent. Light is transmitted through the sensor using a light emitting diode (LED) and
is detected using a photodiode. When exposed to CO, the sensor darkens and less light is transmitted
through the sensor. The amount of light transmitted is proportional to the CO concentration. Because
this sensor is unique to one manufacturer, little information is known about the sensor. The manufacturer
of the sensor claims that the sensor is able to mimic the human body's response to carbon monoxide
exposure and is therefore, good at determining long-term, low-level exposures to CO, as well as high-
level CO exposures. CPSC staff has not tested this particular sensor.

222 0Oxygen

The rate of CO generated by a gas-fired portable heater is gener.
concentration and therefore, is sometimes used as a proxy for CO co

afunction of the O,
> The exact rlationship
ent heaters. However,

2221 Chemical Sensor

Oxygen can be measured directly us i . Altheugh there are different types of
sensors available for the measurement of O,, aN [ appmonly used for the
measurement of oxygen in residential appliance
measurement is similar to the electrochemical s e
permeable membrane, two electkedes, and an € ectrel yi ' ales the electrodes. When O,

pncentration affects the burning velocity of the flame and the length of
decreases, the burning velocity of the flame decreases. A decreasein
flame burning farther away from the burner, because the burning

a difectly opposite to the flow of the unburned gas/air mixture. This
phenomenon is known a e lift. Asthe O, concentration decreases, the flame will burn farther away
from the burner, until a€ertain O, concentration is reached and the flame will self-extinguish. In addition
to flame lift, the length of the flame increases as the O, concentration decreases, because thereis less
oxygen available to burn al of the fuel. With less oxygen available, more time is required to burn the fuel

velocity actsin adireg

°In generdl, therate at which a heater generates CO is afunction of the O, concentration. However, there are exceptions. For
example, a heater may generate excess CO when operating in aroom with anormal oxygen concentration (O, ~ 20.9 percent), if
there is a problem with the burner (e.g., some of the burner ports are blocked, the air inlet for the combustion air is partialy/fully
blocked, etc.). An O, sensor will not prevent the heater from generating excess CO in this situation.

6 Although not discussed in this report, a carbon dioxide (CO,) sensor could be used instead of an O, sensor, because of alinear
relationship that exists between the consumption of oxygen and the formation of carbon dioxide during the combustion of a
hydrocarbon fuel.

8



and hence, alonger flame results. As the flame length increases, it may contact certain parts of the heater
not normally contacted by the flame. By placing a thermal sensor either directly into the flame or near the
flame, the flame temperature can be detected. Depending on the location of the thermal sensor, the
temperature may either increase or decrease as the O, concentration decreases. Combining the
relationship between temperature and the O, concentration, and the relationship between the CO
concentration and the O, concentration, one can derive a relationship between temperature and CO.

Various types of thermal sensors are available to detect the temperature. Some thermal sensors
require an external power source to operate, while other types do not. Thermocouples and bimetallic
switches are examples of thermal sensors that do not require an external power source to operate.

22221 Thermocouple

A thermocouple is a device that converts heat into electricity.
thermocouple consists of two dissmilar metal wires joined together

implest form, the
form ajunction, known

gas safety system. The design of the thermocoupleis di
designed for temperature measurement consist of tw
form the hot junction. A cold junction is formed when the
which is used to measure the generated voltage. The cold jun
away from the hot junction, such that the cold junction is not aff

one end to
ed to a meter,
typicaly located some distance

the heating of the hot junction.

configuration, as shown
of aninner rod of

/10), Inconel 600 (NiCrFe),
rements, thermocouples used

Thermocouples designed for gas safet
in Figure 4. The head of the thermocouple for
Constantan (CuNi) soldered to an outer cap 0
or Ferro-Chrome (FeCr). UnI ike thermocoupl es

inches). One cold junctig f i the thermoCouple where the outer cap of the
thermocouple head is soldel ich is made of brass. The other cold junction is formed

Contact

Nut \

Insulating :
WESIEE

Figure4. Example of arodand-tubetypethermocouplecurrently in useon tank-top heaters



In generd, the voltage generated by a thermocouple is a function of the material of the
thermocouple and the temperature difference between the hot junction and the cold junction. When the
hot junction of the thermocouple is heated, the temperature at the hot junction will increase exponentialy
with time. For rod-and-tube type thermocouples, the cold junction is located relatively close to the hot
junction. Therefore, the temperature at the cold junction will also increase exponentialy, due to the
thermal conduction of heat through the metal. The cold junction will increase at arate slower than the
rate at which the hot junction increases, because of the different materials. The net result isthat the
voltage generated by arod-and-tube type thermocouple will increase exponentially, reach some
maximum, and then decrease to a steady state value. The steady state voltage |s less than the peak
voltage, because the temperature at the cold junction increases over time, r g in asmaller
temperature differential between the hot junction and the cold junction.

The location of the heat source will greatly affect the voltage
thermocoupl e because of the relatively close proximity of the cold |
The maximum voltage generated by the thermocouple will be obt
only the tip of the thermocouple. Asthe heat source is mov
voltage will decrease significantly.

by arod-and-tube type
ive to the hot junction.
source contacts
ion, the generated

22222 Bimetallic Switch

A bimetallic thermal switch is a device that mak rical contact when the design
temperature has been exceeded. Bimetallic switches operate inciple that when two different
materials are heated, they will expand at different rates, dueto t
coefficients of each material. There are var allic switches, such asadisc, a
strip, and a rod-and-tube. The switch can be @ 0 j en the design temperature

isreached. The design temperature can range 4 over 1000°F, depending on
the configuration of the bimetallic switch.

2.3 Shutoff Systems

CPSC staff cong systems to prevent tank-top heatersfrom
: operated in confined spacesthat are poorly

circuitry is general iredd® condition the output signal of the sensor before it can beused. Use of a
resdential CO darmii utoff system has the advantage that the CO alarm already contains all the
required circuitry to megstre the CO concentration and alarm at hazardous conditions.

A CO shutoff system can be designed that uses aresidential CO adarm in combination with the
heater’ s existing flame failure shutoff device, which consists of a thermocouple and an electromagnetic
gasvave. An electrical switch that is activated by the CO aarm can be connected between the
thermocouple and the electromagnetic gas valve. When the CO detector alarms, the current flowing
between the thermocouple and the gas valve would be interrupted, causing the gas valve to close.
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One company has designed a portable shutoff system for gas appliances. The shutoff system,
which isshown in Figure 5, consists of a CO alarm powered by a 9-vdlt battery, a field-effect transistor
(FET), and a connector that connects the thermocouple and solenoid gas valve with the FET. The FET
acts as an electrical switch between the thermocouple and the eectromagnetic gasvave. Under normal
conditions, the CO aarm supplies the required voltage to power the FET, which alows the current from
the thermocouple to flow to the gas valve. When hazardous levels of CO are detected, the alarm sounds
and the voltage supplied from the CO adarm to the FET dropsto zero. Without power, the FET acts as an
open switch, thereby blocking the flow of current to the gas valve, causing the gas valve to close. Similar
shutoff circuits can be designed using different types of CO aarms and/or electrical switches.

Thermocouple

Field-Effect

Transistor (FET) \

ODS Consists of a pilot burner and a thermocouple, which is connected
ot shown). The flame on the pilot burner isvery senditive to dight

hen the O, concentration in the room is normal (~ 20.9 percent), a
blue flame exists o i arner and the flame contacts the tip of the thermocouple. Asthe flame

electromagnet in the gasivalve. Once energized, the electromagnet can hold open the gas valve, alowing
gasto flow to the main burner. With a dight decrease in the O, concentration, the flame begins to lift off
the burner, but the flame till contacts the thermocouple, so the gas valve remains open. When the O,
concentration is depleted below 18 percent, the flame lifts completely off the burner, past the tip of the
thermocouple. The thermocouple then cools, causing the gas valve to close.

11



Filot Flame Pilot Flame Starts
Pilot Burner to Lift Off of
Burner

Pilot Flame No

‘ V4 Longer Contacts

Thermocouple

Thermocouple

Spark Igniter
Air Shutter
Normal Oxygen Reduced Oxyg Shutoff
0,~20.9% 18% < O, < 20,99 0,<18%

Figure6. lllustration of an Oxygen Repletion Sensor (O

2.3.2.2 Thermocouple Located Behind Burner Head'Sthee

Staff searched the United Sates Patent and Trademark @ffi€e database and locatéd only one
patent that described a CO shutoff system specifically designed ank-top heaters. Patent 5,941,699
(Abele, 1999) was awarded in August 1999 a current manufactiremef portable propane heaters. The
shutoff system, which is shown in Figure 7, © 5 of athermocoup nected to a modified
electromagnetic gas valve. The thermocouple in the plenum a Ind the burner head screen
and is able to detect smal changesin the screen'te hen oxygen depletion occurs, the flame
will degrade over certain portions of the screen, he thermocouple as a decrease in
temperature. Following this deergase in temperature, theére is an INGrEase in the temperature, which
coincides with an increase oncentration. \Eherefore, a eorrelation between temperature and CO
can be obtained, whichd articular burnefidesign. When the temperature sensed by the
thermocoupl e decreases erated by the thermecouple decreases, resulting in adecrease in
the magnetic field generates i the gas valveSA proximity sensor, such as a Hall-effect sensor,
which is attached to the gas valiexis Usee ectthesfecrease in the magnetic field generated by the

coil. field is deteeted, the proximity sensor acts as a switchand
interrupts § an the thermocouple and the electromagnetic gas valve. The gasvalve
then p
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3 tent 5,941,699)

Patent 5,9415699 uses a thermocouple located in the plenum area
behind the burner head small changesti the screen temperatures. Staff thought that it
might be possible to foca ple in a differentil@eation that may offer a similar or better
response. For this shutoff systen mocouple wollfd be connected to an el ectromagnetic gas valve
and the valve we 0se whe empera ed below the voltage required to energize the
electromag

T
i

Figure7. Drawing of CO shutoff syst

2.3.2.3 Thermocouple Locatedln Other Areas
The shutoff systeg

as operaed in an oxygen-depleted environment, flame lifting was

observed a ne was observed to increase. Therefore, staff thought that it might be

possible to us , which would activate as the temperature either increased or decreased
beyond the set pO of the switch. The bimetallic switch would be placed in series with the
thermocouple and t ropdagnetic gas valve. When the bimetallic switch activates, the switch would

then close, shutting off the g to the burner.
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24  Electrical Power Supply

Idedlly, the CO shutoff system should not require an external power source, such as batteries, to
operate. Batteries have alimited life, and consumers may not always have a replacement battery when
needed. Depending on the power requirements, it may be possible to generate the power using a
thermoelectric device, which is a device that uses hest to generate electricity. For very low power
applications (approximately 20 to 30 mV), a thermocouple can be used. For dightly higher power
applications (less than 1 volt), a group of thermocouples connected electrically in series (i.e., thermopile)
can be used. For higher power applications, a thermoelectric generator can be used. A thermoelectric
generator is sSimilar to athermopile in that it consists of a group of thermocouples connected eectrically
in series. However, unlike a thermopile, which uses thermocouples fabricat: metal wires, a
thermoel ectric generator uses thermocouples fabricated from semicondu Th iconductors are
placed within amodule so that all of the thermocouples are paralel to flow and are connected
electricaly in series.

Depending on the operating temperature of the therm ent semiconductor
materias are used. For applications up to severa hundred d i
semiconductors are commonly used. The power output O i ortiona to the
total-module cross sectiona area, and inversely proporti itien, the
power output is proportiona to the number of therm i , ate power, a

large temperature drop is required across the relatively thin
module that is capable of generating 2.5 watts of power requir
adistance of 0.2 inches.

perature difference of 365°F across

14



3. EXPERIMENTAL TESTS

31 Heater Samples
Tests were conducted using three identical (i.e., same model) heaters from one manufacturer.
This particular heater was selected because it is readily available to consumers, and the design of the
heater is similar to other heaters on the market. In this report, the three test samples are referred to as
Heater A, Heater B, and Heater C. Figure 8 is a photograph of one of the test samples. The maximum
energy-input rate, as specified by the manufacturer was 14,000 Btwhr. The minimum energy-input rate,
as specified by the manufacturer, was 8,000 Btwhr. The heaters were attac ly to 20-pound tanks
of liquid propane, which were purchased from aloca hardware store.

Photogr of sample tank-top heater used in tests

Each tank-top heater was operated in an oxygen-depleted environment to observe how the O,
concentration affected the rate of CO generated by the heater and to observe how the O, concentration
affected the heater’ s flame.

" Thetest equipment described herein including specific manufacturers' products used to monitor or control testing, and/or
record or obtain data, is specifically identified to allow others to attempt to re-produce thiswork should they so desire. Mention
of aspecific product or manufacturer in this report does not constitute approval or endorsement by the Commission.

15



321 Experimental Setup

The oxygen depletion tests were conducted inside a 100 ft* test chamber that had an interior
height of 6.6 ft, awidth of 3.9 ft, and a depth of 3.9 ft. The chamber was constructed from sheets of fire
retardant boards supported by ameta framework. A chilled water heat exchanger system was used to
maintain the temperature inside the chamber at a set temperature. The cooling system could maintain the
chamber temperature at 80°F + 5°F for heaters rated up to 15,000 Btu/hr. To enhance the heat transfer of
the cooling system, fans were used to move air over the cooling coils of the heat exchanger. These fans
aso circulated the air within the chamber, which resulted in a well-mixed environment. The air exchange
rate through the chamber could be varied from 0 to 6 air changes per hour (ACH) by controlling the speed
of the supply fan and exhaust fan, and by changing the diameter of the openi the supply air.

Gas samples were continually withdrawn from the chamber thr
located within the chamber. The six sample lines were connected to manifold where the gas
samples mixed. A pump conveyed the mixed gas sample to a seri ers. The gas sample
was anayzed for CO, CO,, O,, and unburnt hydrocarbons m CsHg). Table3
provides a summary of the gas analyzers. Water vapor forme rocess was

six equal length sample lines

Table3. Summary of gasanalyzers

: Gas Anal
Gas Specie s Analyzer M easurement Range
0—-200 ppm
CoO Non-Dispersive Infrared 0- 1,000 ppm
0— 3,000 ppm
CO, Non-Dispersive Infrared 0— 10 percent
0O, 755R 0—20.9 percent
HC (C3H8) 880A 0- 100 percent LEL*

1. LEL =Lower Explasvel

The air temperature
thermocoupl es(28=¢

amber was determined experimentally by measuring the
ter shut off. Sulfur hexafluoride (SFs) was used as the
6 in the chamber was measured with an electron capture

onic scae (Mettler, PM 34 Delta Range).

A data acquisition system was used to collect and record the data. The system consisted of a
personal computer, data acquisition interface hardware (Keithely), and data acquisition software (Labtech
Control). Gas concentrations and temperatures were recorded every 30 seconds by the data acquisition
program. The program converted the voltage output from the gas analyzers into the appropriate
concentration units (percent or parts per million). The only items not recorded by the data acquisition
system were the concentration of SFs and the mass displayed on the electronic scale. The SFs analyzer
contained an internal data acquisition program and recorded the concentration measurements directly to a
3.5-inch floppy disk located on the analyzer. The mass of fuel consumed was displayed on the electronic
scale and recorded manually.

was measured using a
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3.2.2 Experimental Procedures

The gas anayzers were calibrated each morning prior to any tests being conducted. Each gas
analyzer was cdlibrated according to the instructions specified by the manufacturer. In genera, the CO,
CO;, O,, and HC gas anayzers were zeroed with nitrogen gas. The CO, CO,, and HC analyzers were
then spanned using gases of known concentrations (EPA Protocol Standards). Since the CO analyzer had
three different ranges available, the gas analyzer was spanned on each range using a gas appropriate for
that range. The O, analyzer was spanned using room air, assuming an O, concentration of 20.9 percent.
The SF¢ analyzer was calibrated using a calibration gas supplied by the manufacturer of the SFs anayzer.

To begin atest, the air exchange rate of the test chamber was set by adjusting the speed of the
inlet fan and the exhaust fan. The relationship between the fan speed (i.e., i

's cooling system was also
started at thistime. Because staff was interested in the effects of ox ion on the performance of
the tank-top heater, the air exchange rate was selected so that for input rate setting of the

heater, the oxygen was depleted to a point just prior to the flam:

following the instructions specified by the manufact :
was adjusted to provide the desired energy-input rate of th . or to the chamber was closed

and the data acquisition program was then started.

As the test proceeded, the mass disg e was recorded on a data sheet at
varioustime intervals. Asaback up tothed the data acquisition system, the
concentrations of CO, CO,, O,,and HC were [ a data sheet.

The test proceeded until the concentratio hed equilibrium (steady
state), or the flame self-extinguished. |If the gas camce eady state, the heater was

manually shut off by reaching he chamber throug ,
2Off" ) i ame self -extinguished, the heater shut
ic&on the heater. Once the heater was off, the Sk

temperature tests. Asillustrated in Figure 9, the surface temperature

was measured 3,4,5 and 7). Locations 2, 3, 4, and 7 were on the plenum of the
burner assembly, are as on the backside of the heat reflector. 1n addition to the surface
temperatures, the air te ture near the burner was measured at two locations (1 and 6). Location 1
was adjacent to the heaté¥”s existing thermocouple and was used to estimate the temperature sensed by the

ocation 6 was above the burner, in front of the heat reflector.

The surface temperatures were obtained by welding K-type thermocouples (Omega, 24 gage
wire) directly to the surface of the heater using a portable, capacitive, discharge welder (DCC
Corporation, HotSpot, #10-A10120). For the air temperature measurements, K-type thermocouples
(Omega, 24-gage wire) were held in place by securing the wires to arigid piece of metal. Thetip of
thermocouple #1 was located 0.125 inches from the tip of the heater’ s thermocouple and 0.625 inches
above the surface of the burner. Thermocouple #6 was positioned 0.875 inches off the surface of the heat
reflector and 0.75 inches from the top of the heat reflector.

heater’ s thermaocouple.
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Heeter's
Thermocouple

Figure9. Location of thermocouples that measur eg
and the air temperature near the heater

e surface temperatureso

The temperature data were recorded using a compute
data acquisition system consisted of a data acquisition module
9805), a personnel computer, and a data acqulisition program (Lab
module could measure seven thermocouples aneoudly.

ed deta acquisition®System. The
8 Trandation Inc., USB Module model
ontrol). The data acquisition

3.3.2 Experimental Procedures

To establish the baseline temperatures at '€g Galre ey al oxygen conditions, the
heater was operated in alarge teem having a normal, Qf'concentra ~20.9 percent). The heater was
operated until all of the tegaperat cached steady(State. The temiperature data was recorded at 5 second
intervals using the data@equisition pregram. Tests wele conducted with the heater operating at its
maximum energy-inpé i mum energy-input rate.

The heater was the
The air exchangesét i

R.0xygen-depléted environment using the 100 ft° test chamber.
Was reduced to apoint just prior to the flame sdlf -
ed until al of the temperatures reached steady state. The

d intervals using the data acquisition program. Tests were

mum energy-input rate and its minimum energy-input rate.

ems considered by staff used a thermocouple as part of a CO shutoff
5, it is necessary to know how the voltage generated by the heater’s rod-

and-tube type therme ed with temperature and the temperature at which the electromagnetic
gas valve would engage disengage. Staff contacted the manufacturer of the rod-and-tube type
thermocouple on the t ple heater. The manufacturer did not provide specific information about this

exact thermocouple, but rather provided general information about the rod-and-tube type thermocouples
used as part of agas safety system. Therefore, staff attempted to determine how the voltage generated by
the rod-and-tube type thermocoupl e varied with temperature and the temperature a which the
electromagnetic gas valve would engage and disengage.
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341 Experimental Setup

Tests were conducted using a rod-and-tube type thermocouple identical to the one on the sample
heater. The thermocouple was purchased directly from the manufacturer of the sample heater. The tip of
the thermocouple was heated using a dry-well temperature calibrator (Hart Scientific, Model 9141 EZT).
Temperatures up to 1200°F were possible with the temperature calibrator. The voltage generated by the
thermocouple was measured with a digital voltmeter (John Fluke Mfg. Co., model Fluke 77 series||
multimeter).

3.4.2 Experimental Procedures

For the thermocouple voltage tests, the temperature of the dry-well tefiperature calibrator was set
to a specific temperature. After the cdibrator reached a steady temperatu e tip'of the thermocouple
was inserted into one of the dry-wells, such that the thermocoupl€ stip acted the wall of the dry-well.

thermocouple was inserted into one of the dry-wells on the € ewreset button or he gas vave
was then pushed in, held for several seconds, and then released!
sequence was repeated for up to one minute e of the calibrator was then either

0 load attached, the maximum voltage is 6.5 volts. The module
N ous temperature of 480°F and at a maximum intermittent temperature
of 750°F. Figuredshows a phetograph of the HZ-2 module, which is 1.15 inches wide by 1.15 inches

high by 0.2 inches
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Electrica
Leads

purchased from Melcor Co porati 2 : eat sink is fabricated from aluminum, has 14
fins, and has a i
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0.062"

_) e
1.312"
Toaz |
!< 4.125" N|
Front View
!1 4.125"

Side View

mounted on the heat reflector. A vertiéal fin

orientation was sel eciée i i &8t heat transfer in a natural convection flow.
Becalise the heat S nting bracket/@re metal and can therefore conduct electricity
the thermoedle - ed from each of them. Therefore, a 0.01-inch thick

ceramic waf 2ch side of the thermoelectric module. To minimize
the therpg j gint (e.g., mounting bracket and ceramic wafer, ceramic wafer
and g ound was used (NFO Technologies, Chemplex 1381)
[tached to gihe mounting bracket to secure the mounting bracket to the heat
sink, becauseithe wi nting bracket was not much wider than the thermoelectric module (1.50

ore, a separate fastening bracket was used to secure the mounting

in Figure 12. To minimize the contact area between the fastening
bracket and the mour et, ascrew was placed in the middle of the fastening bracket. When the
screw was tightened, it @ppied pressure at the center of the thermoelectric module, minimizing any gaps
between the mounting hrfacket and the thermoelectric module. The overall assembly was secured to the
heat reflector using a screw and nut.

inches verses 1¢
bracket to the h
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Figure12. Drawing of the thermoelectric assembly



Figure 13 shows the actua thermoelectric assembly attached to a tank-top heater. Asthe
photograph of the heater’ s right side illustrates, the heat sink fins are vertical. The photograph of the
heater’s |eft side shows the location of the mounting bracket and thermoel ectric module relative to the
heat sink. As previously stated, the length of the mounting bracket was minimized to reduce the thermal
lag between the heat source and the thermoelectric module. A short mounting bracket resulted in the
placement of the thermoel ectric module near the corner of the heat sink.

module and afunctl on of the temperature drop across the module. To create different loads, electrical
resistors of known sizestvere used. The manufacturer of the thermoel ectric module states that maximum
power is obtained when the load attached to the module closely matches the internal resistance of the
module, which was 4 ohms for this particular thermoelectric module. Therefore, tests were conducted
using loads ranging from 0.1 to 20 ohms. Because the power generated by the thermoelectric module is
also afunction of the temperature drop across the module, tests were conducted by operating the heater in
different ambient temperature conditions.

The temperatures on the modul€’ s hot side, on the modul€e's cold side, and in the ambient air were
measured using K -type thermocouples (Omega, 28-gage). To measure the temperature on the hot side of
the module, asmall hole was drilled into the side of the mounting bracket and a thermocouple was
inserted into the hole. To measure the temperature on the cold side of the module, a small hole was
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drilled into the side of the heat sink and a thermocouple was inserted into the hole. Both thermocouples
were secured in place using high temperature RTV silicon.

A data acquisition systemwas used to record the voltage generated by the thermoel ectric module
and the various temperatures. The data acquisition system consisted of a data acquisition board (Data
Trandation USB Module, Model 9805) that was connected to a computer running a data acquisition
program (Labtech Control).

353 Experimental Procedures

Testswere conducted by operating the heater at its maximum energy-input rate setting in alarge
open room. A load was attached to the module, and the voltage and temper. were then alowed to
reach steady state. After steady state was achieved, a new load was attac o the'module. Datawere
recorded at arate of one reading every 30 seconds.

The heater was operated in different ambient air temperat
voltage generated by the module varied with temperature. The hes
temperature of 72°F and outdoors at an ambient temperature @f*26 i Itage occurred
with an open circuit; therefore, no load was attached to theghermoel ectric module. he data
acquisition board was attached to the module. Becausedhe, data acquisition board had
resistance of 100 MW, the electrical circuit was in essenceigguiival ent f@yan open circuit. ese tests,
the heater was operated at its maximum energy-input rate s& andithe data were recorded at arate of
one reading every 30 seconds. The heater was alowed to reac ambient temperature before the test
proceeded.

3.6 CO Alarm Based Shutoff Tests

One of the CO shutoff systems considefed
combination with the heater’ s flame-failure shuto ecmogoupl e/electromagnetic gas vave).
As previoudy discussed, one manufacturer currently sell's such aURIETor residential gas appliances.
Although not specifically dés tank-top heal€s, it may be possible to adapt the shutoff system for
portable heater applicati f did not test this particular shutoff system, because the fitting on
the heater’ s thermocolp connector thatthoused the electrical switch on the shutoff system.
In addition, CPSC daff wa lop a shutoff system that was independent of an externa power
source, such as batteries, andt C teff system requires 9 volts DC to operate. Although

! ould be usedtaigenerate 9 volts, CPSC staff decided to design a CO
puld be powered using a single thermoel ectric generator.

s to use areSidential CO alarmin

puple ef residential CO alarms for use in a shutoff system. Staff
atively low power to operate (4.5 volts DC, 3 AA batteries). The CO

* ical sensor and had a digital readout that displayed the CO
concentration abo . Ahe CO alarm was certified to the Underwriters Laboratory (UL) voluntary
standard for CO aar Standard 2034. °

In order to use @€0O alarm in combination with the heater’ s flame-failure shutoff device, the CO
alarm must be able to produce a signal, such as a voltage, that can be used to trigger or activate the
shutoff circuit. Staff initialy tried to tap into the circuit for the horn on the CO aarm, because the horn
sounds during an alarm situation. However, staff was unsuccessful at obtaining a voltage that was
sufficient to power an electronic switch, such asarelay. At the suggestion of another staff member, the
circuit for the red light emitting diode (LED) was tapped into, because the red LED flashes during an

sdlected an d

8 UL Standard 2034 requires that CO alarms comply with the following response times when the alarms are exposed to specified
concentrations of CO: at 70 ppm, the unit must alarm within 60-240 minutes; at 150 ppm, the unit must alarm within 10-50
minutes; and at 400 ppm, the unit must alarm within 4-15 minutes.
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alarm situation. When the red LED flashed, a voltage of at least 4 volts DC was measured. Four voltsis
sufficient to power amicro relay.

To verify that tapping into the electrical circuit of the CO adarm did not affect the CO darm’s
ability to detect CO, staff conducted alarm tests smilar to the ones specified in the UL standard for CO
alarms (UL 2034). The two darms were placed into a 36 cubic foot test chamber located at CPSC. Pure
CO was injected into the chamber to obtain a certain steady state CO concentration. UL 2034 specifies
that the CO alarms be tested at three specific CO concentrations: 70 ppm, 150 ppm, and 400 ppm. In
addition, atest was conducted at 100 ppm, which is the allowable CO concentration in the camp heater
standard (ANSI Z21.63). UL 2034 specifies that the gas in the test chamber must reach its steady state
value within three minutes. The gasin the test chamber was measured us infrared gas analyzer
(Beckman, Moddl 880A). During atedt, the voltage output from the gas zer recorded and the
voltage output of each CO alarm was recorded. The data was record 0.1 secondsusing a
computer controlled data acquisition system that consisted of a dat ule (Data Trandation
am (Labtech Control).

3.6.2 CO Shutoff Circuit

Figure 14 shows a simple shutoff circuit that col { e-failure
shutoff device. A normally closed relay isinserted [

is energized, the relay opens, interrupting the uple and the gas valve,
causing the gas valve to close.

Thermocouple Electromagnetic

Gas Vave

From Fuel
Source

Relay #1

- Normally Closed

- Connected to thealarm
circuit of the CO Alarm

CO Alarrr

Figure 14 Simple CO shutoff circuit that combinesa CO alarm with the heater’s flame-failure shutoff device

One problem with the simple shutoff circuit described in Figure 14 is that the heater will till
function even if the CO adarm is not working (e.g., no power), because the relay in the shutoff circuit is
normally closed. This problem may explain why the CO shutoff device developed by one manufacturer
uses anormally open field effect transistor (FET). Without power, the FET (i.e., electrical switch) is
normally open. Only when power is supplied to the FET by the CO alarm will the electrica switch close,
alowing current to flow between the thermocouple and the electromagnetic gas valve. Instead of using
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an FET, staff used a second relay to improve the shutoff circuit. The modified shutoff circuit, shown in
Figure 15, includes a normally open relay, which is connected to the power supply of the CO darm.
When the CO darm is powered, the normally open relay closes, alowing current to flow between the
thermocouple and the gas valve. When power is removed from the CO alarm, the relay will open,
interrupting the current flow between the thermocouple and the gas valve.

Staff assembled the shutoff circuit using electrical components available at aloca eectronic
store. Relay #1 was asingle pole, double throw®, micro relay (Radio Shack, 275-240) that had a nominal
coil voltage of 5 volts DC and a coil resistance of 250 ohms. Relay #2 was a single pole, single throw,
reed relay (Radio Shack, 275-232) that had a nominal coil voltage of 5 volts DC and a coil resistance of
250 ohms. Both relays had a pick-up voltage (i.e., the minimum voltage to the relay) of 3.5 volts
DC. To makethe electrical connections between the thermocouple, the rel@ys, and'the gas valve, the
thermocouple was cut in half, near the connector. The outer copper t then cut back an additiona
amount in order to expose the inner wire, and the insulation coveri irewas removed. An
he thermocouple, and

ire was attached to

the wires were attached to the appropriate relays. Similarly,
each section of the outer copper tube, connecting them €

Thermocouple Electromagnetic Burner
Gas Vave \ T

From Fuel
Source
- Normally Opey
- Connected to powe
of theCO Alarm Relay #1
- Normally Closed
- Connected to thealarm
circuit of the CO Alarm

CO Alarr

Figure15. Maodi
CO alarm

that addsarelay to verify that sufficient power isbeing supplied tothe

If the CO dar powered using a thermoel ectric generator, there will be atime lag between
when the heater starts and when the thermoel ectric generator produces sufficient power to close relay #2
Relay #2 needsto be closed in order to alow the current from the thermocouple to energize the
electromagnet in the safety valve. Preliminary testsindicated that it would take approximately 2.5
minutes for the thermoel ectric generator to produce the 3 volts required to open relay #2. Because this
would be along time to depress the manual rest button on the electromagnetic gas valve, a mechanical
timer relay (relay #3) was added to the shutoff circuit, which was used to bypass relay #2 during the
startup of the heater. Figure 16 shows the revised shutoff circuit. Relay #3 relay was asingle pole, single

% A double throw relay was not required for this application. However, thiswas the only normally closed, low
voltage relay available at the local electronics shop.
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throw, spring-wound, mechanica timer (Intermatic, Inc., model FF15MC) that could be adjusted up to 15
minutes.

Relay #3
- Normally Open
- Spring Wound Timer Electromagnetic
Thermocouple F Gas Vave

From Fuel

Relay #2
- Normally Open
- Connected to power
supply of the CO Alarm

Figure16. CO shutoff circuit ric generator suppliesthe power for the CO alarm

ar to the oxygen depletion tests. The CO shutoff system
as equipped with athermoel ectric generator to power the

in the 100 cubic foot test chamber at reduced oxygen

rate was set so that the oxygen was depleted to an O, concentration just
0. Testswere conducted with the heater operating at its maximum

normal oxygen depletiontésts, the following data was also recorded: voltage generated by thermoelectric

module, the temperaturg’on the hot side of the module, and the temperature on the cold side of the
module.
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4. DATA REDUCTION

41 Energy Input Rate

The energy-input rate of the heater, Q, was calculated indirectly from the mass of propane
consumed by the heater over time. The energy-input rate was calculated as follows:

_ C/HHV Dm
Q=" M
In Equation 1, C, isaconversion constant, HHV isthe heating v of propanegas, r isthe
dengity of the propane gas, and Dmis the mass of propane fuel consu ing thetime interval Dt. A

as used in the
apressure of 14.7

HHV of 2,500 Btu/ft> was assumed for propane gas. The density o
calculation was 0.114 Ib,/ft*, and the density is based on atem
lo/in?.

4.2 Air Exchange Rate
The equation describing the air exchange rat [ ple mass

(2

start of the decay, k isthe air exchangerate, a
assumptions:. the air in the chamber is well mixe
the background concentration of Sk is zero. Equa
asfollows:

based on the following
inside the chamber, and

: generated CO can be derived from a smple mass baance of CO in
the chamber. Bely eintervas (t and t..;), the source strength can be calculated from the
following equation,

é - K. _¢. 60

Vk@c -C e k?l*‘l I a()

etivy ¥

S[i+1: - é & U i @

e Kbty
el-e a
e U
é a

In Equation 4, S i, isthe generation rate of CO at time .4, V isthe volume of the chamber, k is
the air exchangerate, Ci;.; is the concentration of CO at timet;., and C;; is the concentration of CO at
timet;. Equation 4 was derived based on assuming that the air in the chamber is well mixed and that the
CO is not absorbed inside the chamber.

28



5. RESULTS

51 Oxygen Depletion Tests

Tests were conducted with atank-top heater operating in aroom with a depleted supply of

oxygen to determine what effect the oxygen concentration had on the products of combustion and the
flame.

511 Productsof Combustion

When the propane heater is operated in alarge open area having
main products of combustion are carbon dioxide (CO,) and water vapor,
other chemical species present, such as CO. In theideal case of perf

pply of oxygen, the
0), with trace amounts of
ion, for every 1 cubic
of H,O are produced.

chamber. At these operating conditions, the oxygen room
concentration of approximately 20.9 percent to a steady-st : . TheCO
concentration in the room increased from zero to a steady Stat tration of 972 ppm. The CO,

reached a steady state concentration of 5.2 percent and the HC ration peaked at approximately 3
percent of the lower explosive limit (LEL) Wm

1000 it 25
(€ Heater Manually

i /_M Turner Off ]
900 | ]

[ co

R / \\ 1

) / \ . _

\ e

700 F—X S 1

L \, 1

SN /’ }/ _
600 | A 7 15

\9\ / }( 4

3 0, "‘*ka_kr ]
500
400 / \
300 | / ]

[ CO, \ ]
200 | : Uit 5

: //»7/ A-f#.r:;\ \\\ ]
100 |- s = ]
A A/a/,;/: ﬁ.t-fr‘"g'#dx s I :

0 A S N S R Gl A -~ B S 0.0 X0

0.00 025 050 0.75 100 125 150 1.75 200 225 250 275 3.00 325 3.50
Time (hr)

Heater A, Energy-Input Rate = 13,100 Btu/hr, Air Exchange Rate =3.0 ACH, Room Volume = 100 ft®

CO (ppm)

0, (%), CO,(%), HC (% LEL)

RN
T

Figurel7. Concentrationsof CO, O,, CO,, and HC as a function of time, when Heater A was
operated at its maximum ener gy-input ratein a 100 ft* room with an air exchange rate of 3.0
ACH

10 |EL isthe minimum concentration of fuel required for combustion with air. At 100 percent LEL, combustion is possible. For propane, the
LEL is2.1 percent propanein air.
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Figure 18 illustrates how the concentrations of CO, CO,, O,, and HC in the chamber varied with
time, when Heater A was operated at its minimum energy-input rate (~10,600 Btuw/hr) and the air
exchange rate was approximately 2.5 ACH. At these operating conditions, the oxygen concentration was
depleted from anormal room concentration of approximately 20.9 percent to a steady-state concentration
of 12.9 percent. The CO concentration in the room increased from zero to a steady state concentration of
989 ppm. The CO, reached a steady state concentration of 5.1 percent and the HC concentration peaked
at approximately 1 percent LEL.
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Figure18. Concentral
operating at.its minimu

a function of time, when Heater A
ft> room with an air exchangerate of 2.5

ip between the amount of CO produced by the heater as a function of
the O, con i ly conducted at air exchange rates that would result in the maximum

function of the room size and the air exchange rate. If the room size is changed or the air exchange rate is
changed, the concentration of the various gases will change, in addition to the time required to reach
steady state conditions. Therefore, to remove the effect of time, the concentrations of CO, CO,, and HC
were plotted against the O, concentration. Figure 19 illustrates how the CO concentration in the room
varied with the O, concentration, when the heater was operated at either its maximum or minimum
energy-input rate. The CO concentration increased in an exponential manner, when the O, concentration
was depleted below approximately 16 percent. In addition, the CO concentration was found to increase at
adightly faster rate, when the heater was operated at its minimum energy-input rate setting. It should be
noted that Figure 19 isaplot of transient CO concentrations, which are not necessarily equivalent to the
steady state concentrations that would be obtained at a particular O, concentration.
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Figure19. CO concentration as@ C ¢ n (Heater A)

Figure 20 illustrates how the CO generdti ekisa function of the O,
concentration in the room. Th S imal until the O, concentration is
atel [ @'then begins to increase steadily until
the oxygen concentratig imately 13.2 percent. Between 13.2 and 12.9 percent
‘ i igwe 20 illustrates, thereisa dight increasein
the rate of CO generation be 3.2 percent O,, when operating the heater at its
minimum energyai : eater at its maximum energy-input rate.
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5.1.2 FlameAppearance

action of theytraﬂon in theroom.
When the heater i

thin blue flame will bur s illustrated In Figure 21 (a). Asthe oxygen in the
it eases, causing the flame to burn farther away from

CO Generation Rate (ft/hr)

Figure20. Rate of CO generated by Heate

the burner (i.e., flame lifti
depleted, flame lifting contine
screen, as shou igure 21

elongate, extending past the primary radiating
tration, the burning velocity will be too low, and

Radiating Screen
4

Flame

N N

(@ 0, ~209% (b) O, < 20.9% (c) 0, << 20.9%

yd

Burner Assembly Shown in Cutaway View

Figure21. Drawingillustrating the flame on theradiant burner at three different O, concentrations
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Figure 22 is a series of photographs that show the appearance of the burner and the flame at
different oxygen concentrations when Heater A was operated at its maximum energy-input rate and at its
minimum energy-input rate. The thin blue flame near the surface of the burner cannot be seen at oxygen
concentrations greater than 16 percent, due to the incandescent glow of the primary radiating screen. As
the oxygen was depleted below 16 percent, flame lifting was observed near the top of the burner when the
heater was operated at its maximum energy-input rate. When the heater was operated at its minimum
energy-input rate, flame lifting occurred between 15 and 16 percent O,, with the flame extending past the
main radiating screen. At approximately 14 percent O,, flame lifting was observed near the bottom of the
burner.

I

Max Btu/hr Min Btuwhr ) Min Btu/hr

17% O,

18% O,

Max Btu/hr Min Btu/hr
15% O,

Max Btu/hr Min Btu/hr
14% O, 13% O,

Max Btu/hr Min Btu/hr

Figure22. Photographsthat show the appearance of the burner and the flame at different O, concentrations
when Heater A was operated at its maximum ener gy-input rate (Max Btu/hr) and its minimum ener gy-input
rate (Min Btu/hr).
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52 Heater TemperatureTests

To establish the basdline temperatures at each location under normal oxygen conditions, the
heater was operated in alarge room having anormal O, concentration (~20.9 percent). Figure 23isa
drawing of the heater showing the steady state temperatures at each location. In the figure, two numbers
are shown at each measurement location; the upper number represents the temperature that occurred when
the heater was operated at its maximum energy-input rate, and the lower number represents the
temperature when the heater was operated at its minimum energy-input rate. The temperature at each
location decreased by approximately 3 to 15 percent when the heater was operated at its minimum
energy-input rate compared to when the heater was operated at its maximum energy-input rate. As
expected, the maximum temperatures occurred at location #1 (in front of th ) and location #6
(above the burner), because the hot gases from the burner flowed directly these thermocouples. The
air temperature at location #1 and #6 ranged from 1300°F to 1530°F. peratures on the surface of
the heater ranged from 490°F to 920°F.

860°F

800°F
yd

510°F
#6 * 1380°

_

~

thermocouples that mea
minutes after the heater Was turned on, and the five thermocouples that measured the surface temperature

, #5, and #7) achieved steady state within approximately 7 minutes.
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Figure24. Temperatures measured at diffe BNS (#1 - 7) on ti ater and near the heater
as a function of time; the heater was operatedie i m ener gy-igput ratein aroom having
a normal oxygen concentration
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Figure25. Temperatures measured at different locations (#1 - 7) on the heater and near the heater
as a function of time; the heater was operated at its minimum energy-input ratein aroom with a
normal oxygen concentration
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Figure 26 illustrates how the temperature at each thermocouple location varied with the oxygen
concentration, when the heater was operated at its maximum energy-input rate in the 100 cubic foot test
chamber. The air exchange rate through the test chamber was adjusted so that the oxygen would be
depleted during the test. The graph can be divided into severa different regions, based on if the
temperatures are increasing or decreasing a a gven O, concentration. Between an O, concentration of
20.9 percent and approximately 18.8 percent, al of the temperatures increase and then level off asthe
heater warms up. Between an O, concentration of approximately 18.8 percent and 17.8 percent, the
surface temperatures on the body of the heater (#2, #3, #4, and #7) al start to dowly decrease, while the
surface temperature on the heat reflector (#5) and the air temperaturesin front of the burner (#1) and
above the burner (#6) remain somewhat constant. Between an O, concentratiom,of approximately 17.8
percent and 16.4 percent, the surface temperatures on the body of the heategdlecrease at a dightly quicker
rate, while the temperature on the heat reflector starts to increase. During'this same period, the air
temperature in front of the burner starts to decrease, while the air temygérattire,above the burner starts to
increase. Below an O, concentration of approximately 16.4 percel e surfacéitemperatures on the body
of the heater decrease at a quicker rate, while the air temperaturgyin Tr@nt of the'Quiger continues to
decrease and the air temperature above the burner continues sase. Below 164 percent O,, the
surface temperature on the heat reflector leveled off until i€ O, concentration was depléied to
approximately 15.6 percent, at which point the temperatlire,started tondecrease. The CO gptration
started to increase rapidly when the O, concentrationwas cted below, approximately 164 percent.
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Figure26. Temperatureson the heater and near the heater asa function of the oxygen
concentration in the room; the heater was operated at its maximum energy-input ratein a confined
space



Figure 27 illustrates how the temperature at each location varied with the oxygen concentration,
when the heater was operated in an oxygen-depleted environment at its minimum energy-input rate.
Between an O, concentration of 20.9 percent and approximately 18.5 percent, all of the temperatures
increase and then level off as the heater warms up. Between an O, concentration of approximately 18.5
percent and 15.9 percent, the surface temperatures on the body of the heater (#2, #3, #4, and #7) al start
to dowly decrease, while the surface temperature on the heat reflector (#5) and the air temperaturesin
front of the burner (#1) and above the burner (#6) remain fairly constant. Below an O, concentration of
approximately 15.9 percent, the surface temperatures on the body of the heater decrease at a quicker rate,
while the air temperature in front of the burner starts to decrease and the air temperature above the burner
starts to increase. Below 15.9 percent O,, the surface temperature on the h flector increased until the
O, concentration was depleted to approximately 15.4 percent, a which poig emperature leveled off.
The CO concentration started to increase rapidly when the O, concentrati@R was depleted below
approximately 17 percent.
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Figures 28 and 29 e-plot the temperature datain Figures 26 and 27, respectively, in terms of a
temperature difference Between the temperature obtained at an O, concentration of 19 percent and the
corresponding temperature at O, concentrations less than 19 percent. An O, concentration of 19 percent
was selected as the reference point, because the temperatures al appeared to have reached steady state by
an O, concentration of 19 percent.
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Figure29. Temperature difference between the temperatures obtained at an O, concentration of
19 percent and the corresponding temperatures at O, concentrationslessthan 19 percent; the
heater was operated at its minimum energy-input ratein a poorly ventilated confined space
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5.3 Thermocouple Tests

Figure 30 illustrates how the voltage generated by a rod-and-tube type thermocouple, which is
currently in use on the sample tank-top heaters, varieswith time and set point temperatures. For agiven
set point temperature, the peak voltage occurred at approximately 20 seconds after heat was applied to the
thermocouple. The voltage then decreased to its steady state temperature within approximately 5 minutes.
The steady state voltages were approximately 60 to 75 percent of the peak voltages.
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C ly two curves are shownin Figure 31. The two curves illustrate how
the voltage ge ocouple decreases over time as the cold junction heats up.

Staff obta i 8Ults when trying to determine the temperatures at which the
electromagnetic gas Ve mOUld engage and disengage. Staff first tried to determine the temperatures
through experimental tests'by placing the thermocouple in the dry-well thermocouple. The positioning of
the thermocouple in the'thermocouple calibrator affected the tests results. The temperature at which the
electromagnetic gas valve would engage ranged from approximately 300°F to 525°F, and the valve
disengaged at atemperature of approximately 250°F.
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Figure31. Voltage generated by the tank -{@
at different timeintervals

nction of temperature,

Staff then tried to ca e the temperatures awhi glectromagnetic gas valve would

dlectromagnet was assumed to be 20 mW. Neglecting al other
types of resistance eSiStance was assumed to be 35 mW. Therefore, using Ohm'’s Law, the

glectromagnet at a current that ranged from 80 to 240 mA would be 2.8 to
UII‘ 0 disengage the electromagnet at a current that ranged 10 to 110 mA
would be 0.35t0 3.8 ased on the experimental data for the voltage at different temperatures, it is
estimated that the electramagnet would engage at a temperature ranging from 250°F to 550°F, and the
electromagnet would disengage at a temperature ranging from 100°F to 300°F, which were smilar to the
temperatures observed during the experimentd tests.

8.4 mV. Thevoltag



54 Thermoelectric Power

Figure 32 illustrates how the voltage and power varied as afunction of load, which isgivenin
terms of current. The test was performed with the heater operating at its maximum energy-input rate.
The hot side temperature was approximately 460°F and the cold side temperature was approximately
205°F, which resulted in a temperature difference of 255°F. The voltage data follows alinear line, with a
decreasing dope, while the power data follows a parabolic curve. The open circuit voltage, which
occurred at 0 amps, was approximately 4.85 volts. The peak power occurred at approximately half of the
open circuit voltage. Using the equation for the best-fit curve of the power data, the peak power was
calculated as 850 mW and occurred at a current of 370 mA. Using the equation for the best-fit curve of
the voltage data at a current of 370 mA, the voltage at peak power was 2.37

50 7 1000

45 \ 1 900

r ° ]
L o‘ LeeTTITTIT P Power 1
40 [ I 1 800
I o P = (-0.0064)(1)+ (4.6665)(1) ]
_ o R°=0.992
35 F < -
r ?)('\‘\ "-\‘- ]
30 | = 600 _
S . . 1 g
S \ " ] E
& 25 [ , 4 500 %
S Voltage\ E E
20 [ o 7 400
i : V = (-0.0066)(1) + 4.8052 » 3 ]
i R =0.998 1

15 | ‘ ¥ - 1 300
- \ . E

1.0 — 7 200

ro o ]

05 S 1 100

00 & . 10

500 600 700 800

temperature of 26°F, t 2y state voltage was 5.60 V. When the heater was operated indoors at a
temperature of 72°F, thesteady state voltage decreased to 4.30 V. In addition, the temperature difference
between the modul€’ s hot side and cold side increased from 260°F to 306°F. The better heat transfer can
be attributed to the lower ambient temperature. During the outdoor test, there was also adight breeze,
less than 5 mph, which also may have contributed to the better heat transfer.
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Table4. Temperature effects on the power generated by the thermoelectric module

Ambient Hot Side Cold Side T = Tror - TegaCF) No Load Voltage
Temperature (°F) Temperature (°F) Temperature (°F) #% = Thot ™ Teold V)

72 480 220 260 4.30
26 458 152 306 5.60

55 CO Alarm Based Shutoff System

Tests were conducted with the test sample CO adarms to determi
circuit of the CO aarm affected its response to CO. Table 5 provid
which shows that both CO alarms met the response time requirem
flashed, the voltages measured prior to the red LED peaked fro
shown in Table 5, the CO concentrations displayed on the C
with the infrared gas analyzers by approximately 12 perc

f tapping into the electrical

of thealarm test results,
. When thered LED
DC. Although not
the CO measured

Table5. Resultsof the CO alarm responsetests

Cco UL 2034 Timeto Alarm Peak Voltage
i [ Its DC)
Concentration | ech) gvgeat')ll?me (minutes) (vo
m
L) (minutes) e #2 #1 #2
70 '7 468
100 441 4.29
150 443 4.29
400 4.35 4.84

1. UL 2034 doesng

rWasOperated at its maximum energy-input rate and its
ith a normal oxygen concentration. When the heater was
he voltage pesked at 5.3 voltsin 6 minutes, and the voltage

2d. At 2 volts, the high pitch noise stopped, and the CO aarm went into its
normal power-up routing; which lasted for approximately 30 seconds. After the power-up routine, the CO
adarm went into alow battery mode, which occurs when the voltage is less than 3.3 volts. Inthe low
battery mode, the letters “LB” appear on the digital display, thered LED flashes, and the alarm “ chirps’
every 30 seconds. The low battery mode continued until the voltage increased above 3.3 volts. Above
3.3 valts, the CO aarm went into its normal operating mode. Based on the experimental data, the
thermoel ectric module generated 3.3 volts in approximately 2.25 minutes when the heater was operated at
its maximum energy-input rate, and 2.50 minutes when the heater was operated at its minimum energy-
input rate.
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Figure 33. Voltage generated by the ther

input rate of the heater, when a CO alarm the thermoelectric
generator and the heater was operated in arg@ @Xxygen concentration
Actua shutoff testsw prmed with th&CO shutoff syStem connected to a tank-top heater
that was equipped wit . re 34 illustrates the concentrations of CO, CO,,
0O,, and HC, as afung [ petated at its maximum energy-input rate. In
addition to the gas concen the thermoel ectric module is plotted as a

8 minutes after the heater was turned on. When

, the O, concentration was 13.9 percent, and the

odule was 4. 5volts. The CO darm activates based on atime

jeh is calculated using an agorithm built into the CO aarm.

&S, ’and each time the CO shutoff system functioned successfully
ed by UL-2034.

gated with the heater set to its minimum energy-input rate. During these
tests, the thermoelectsi did not produce the electricity quickly enough, and the CO alarm went
into alow battery me ing this mode, the aarm chirps every 30 seconds and the red LED flashes.
Because the red LED d, the shutoff circuit was activated and the heater shut off, even though there
was no CO present. The?CO alarm includes this low battery warning in order to notify the user that the
batteries must be replaced. Attempts were made to increase the rate at which heat was transferred to the
thermoelectric module, but with little success. Therefore, no shutoff tests could be conducted when the
CO darm was powered by the thermoel ectric module and the heater was operated at its minimum energy-
input rate.
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6. DISCUSSION

6.1 Oxygen Depletion Effects

Carbon monoxide is a by-product of the combustion of a hydrocarbon fuel. The rate at which a
tank-top heater generates CO is afunction of many variables, including the amount of O, available for
combustion. Asthe O, concentration decreases, the rate at which a tank-top heater generates CO
increases. When the heater is operated outdoors or in well-ventilated areas, the oxygen will not be
depleted in the surroundl ng atmosphere therefore, the hemer typicaly produ nly trace amounts of

began to generate CO more rapidly when the O, concentration was proximately 16
percent. The heaters continued to operate until the O, con 13 percent, below
which the flame self -extinguished. At an O, concentratio he maximum

particular, the burning velocity of the flame decreased, causing e to burn farther from the burner,
By visually observing the flame,
16 percent. However, when

ted to decrease when the

glected a@O aarm equipped with an electrochemical sensor for the
prototype sy D dlarm required only 4.5 volts to operate, which was low enough to be

powered by as c generator. The shutoff circuit consisted of arelay placed in series
with the heater’ s rod=an ype thermocouple and the electromagnetic gas vave. When the CO

detector darmed, the Jened, interrupting the flow of current to the electromagnet in the gas valve,
causing the gas valve to . Staff powered the relay by tapping into the CO darm’s aarming circuit,
which did not appear toaffect the function of the CO aarm. An agorithm built-into the CO darm
calculates the time-weighted CO concentration and determines when to activate the CO adarm.

When the heater was operated in an oxygen-depleted environment, the CO shutoff system worked
asdesigned. The CO aarm activated when the agorithm built into the CO alarm determined that the

= Although the tests were conducted in arelatively small room, the CO concentration in alarger room can be estimated from the
experimental data. For example, when Heater A was operated at its maximum energy -input rate in the 100 ft® test chamber at an
air exchange rate of approximately 3 ACH, the steady state CO concentration in the chamber was 972 ppm. The same CO
concentration would be obtained in a500 ft® room, if the air exchange rate was 0.6 ACH, assuming that the temperature and
pressure inside the rooms were equivalent.

45



time-weighted CO concentration represented a hazard. The detector alarmed after operating the heater in
the test chamber for 38 minutes, at which time the CO concentration reached 282 ppm. Using the CO
concentration versus time data, the carboxyhemoglobin (COHD) levd (i.e., the amount of CO that has
been absorbed into the blood stream) was cal culated™ to be approximately 3.2 percent for a person at rest
(Respiratory Minute Volume (RMV) = 6 L/min). For amoderately active person (RMV = 20 L/min), the
COHb iscalculated to be 7.9 percent. Therefore, no perceptible health effects would be expected in a
healthy adult, since the COHb level is below 10 percent, which is the minimum level before the
perceptible effects of CO poisoning are observed in a healthy adult.

To power the CO alarm based shutoff system, staff used a thermoelectric generator, which

able to generate sufficient power to operate the CO alarm and relays. Th in pr
thermoel ectric generator was the time lag associated with heating the
example, the relay in the shutoff circuit that allowed current to flow

lem with using the
ectric module. For

when the heater was operated at its maximum energy-inpu when the
heater was operated at its minimum energy-input rate. Durin ric generator
did not produce the electricity quickly enough, and the CO aar into alow battery mode, which
caused the CO detector to alarm. Becauset es anytime the CO detector

alarms, the heater shut off even though there We
at which heat was transferred to the thermoele
energy-input rate, but with little success.

using atherp ! rm has been demonstrated, it may be more practical
0 he thermal 1ag issue associated with them during the startup of the

The ODS consists of '3 trner and a thermocouple, which is connected to an electromagnetic gas
vave. The flame on theypifot burner is very sensitive to dight changes in the O, concentration and will
sdlf-extinguish when the' O, concentration falls below 18 percent. Such systems have been used

successfully on unvented room hesaters since the 1980's, and more recently on several camp heaters.

Two mgjor issues must be resolved before a tank-top heater can be equipped with an ODS. The
first issue relates to the gas pressure at which the heater and the ODS operate. Currently, tank-top heaters
operate at a gas pressure of approximately 12 psig (gauge pressure), while the ODS operates at a gas
pressure of approximately 0.4 psig. Because the energy-input rate of the radiant burner is afunction of
the gas pressure and the diameter of the gas orifice, decreasing the gas pressure would require the use of a
larger diameter orifice to maintain an equivalent energy-input rate. However, alarger diameter orifice

12 personal communication from Dr. Sandy Inkster, Directorate for Health Sciences, Division of Health Sciences
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combined with alower gas pressure would result in the gas exiting the orifice at alower velocity.
Because the momentum of the gas jet entrains the primary air used for the combustion process, gas
flowing at alower velocity would entrain less air. Therefore, sufficient air may not be entrained for the
burner to operate properly, if the current burner is used at a decreased gas pressure. Therefore, integrating
an ODS onto a tank-top heater will require a major redesign of the existing burner, if not an entirely new
burner design.

The second issue that must be addressed is shielding the pilot flame from the wind. The pilot
flame of the ODS is very sensitive to the wind and will extinguish at wind velocities greater than
approximately 2 mph, based on discussions with industry personnel familiar with the operation of the
ODS. Heaters designed for outdoor use must be able to operate in wind sp to 10 mph. It may be
possible to shidd the pilot flame from the wind, but shielding the pilot fl as a hegative affect on the
performance of the ODS ' Increasing the shielding around the pilot fl ces the flames sengtivity to
changes in the 02 concentration, resulting in a Iower concentratlon 18 percent O,) required

consider the use of an O, sensor in place of the ODS.
6.2.3 ThermocouplePlaced Behind Burner Head

ind the burner head screen and
imity sensor. Asthe O,

concentration. The shutoff system consists of a thermocoupl
an electromagnetlc gas valve that has been modified to |ncI ude

thermocouple as a decrease in temperature. F ure, thereisan increasein
the temperature, which coincides with an increas i erefore, acorrelation
between temperature and CO can be obtained, icifar burner design. When the

temperature sensed by the thermocoupl e decreases C . 3 by the thermocouple decreases,

ly electrical power source currently on atank-top heater isa
, power to the electromagnetic gas valve. Because the thermocouple
generates voltagest@the milli range, a separate power supply, such as a battery, would be required to

solenoid gas valve, the |
properly.

Another potential issue with this shutoff system is related to the proximity sensor, which activates
based on a decrease in the voltage/current generated by the thermocouple. If a standard rod-and-tube type
thermocouple is used, then the voltage will decrease during the initial heating of the thermocouple,
because of the relative close proximity of the thermocoupl€'s cold junction to the hot junction. Therefore,
the shutoff system may activate unintentionally during the startup of the heater.

Ut impedance of the sensor may prevent the solenoid valve from operating
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6.24 ThermocouplePlaced in Other L ocations

The shutoff system described in Patent 5,941,699 uses a thermocouple placed in the plenum area
behind the burner head screen to detect small changes in the screen temperatures. Staff thought that it
might be possible to place a thermocouple in a different location, which could detect when the flame
began to lift off the burner or when the length of the flame began to increase.

Based on the temperature data from the heater temperature tests, the temperatures on the outside
of the heater’ s plenum (locations 2, 3, 4 and 7) all decreased asthe O, concentration decreased below
approximately 19 percent. This decrease in temperatures, due to a change in the flame characteristics,
occurred much earlier than was visually observed. Visualy, the flame did notghange in appearance until

the O, concentration decreased below approximately 16 percent. Althoug temperatures on
the plenum provided an early indication of a change in the O, concentral

temperatures was not significant enough to decrease below the point afw he thermoelectric gas valve
would close, which was estimated to be as low as 250°%F. Thereforgfa if system that relieson a

decrease in a temperature to deactivate the electromagnet in the gas Vi@ appear feasible.

Although not investigated by staff, it may be possibl€1o use®a microprocesSer=based system to
detect a decrease in the temperature sensed by the therm@@oupl e located on the outside ter's
plenum. In such a system, the microprocessor may be@ 0 calculate.a time weighted average of the
signal from the thermocouple (e.g., voltage or current) to Veriy that gmperature is a
with time and that the decrease is not due to normal temperat( ations. Once the temperature has
been determined to be consistently decreasing, the shutoff systel uld be activated. Such asystem
would require electrical power to operate.

Another possible application for a micrep SOr IS to measure gifference between two
thermocouples and determine when thereisac difference. FOFexample, when the heater
was operated in aroom with anormal oxygen co - eperature sensed above the burner
(#6) and in front of the burner #l) were approximaielyfequal, artefthe heater had been operating for
more than 1.5 minutes (seg 8 and 24, page'34). Therefore, after the initial start-up of the heater,
the temperature differen gtion #6 and #lremained approximately constant over time.
However, when the héat in aroom withia depleted oxygen concentration, the temperature
difference between locatio did not remain cOmstant, but increased at a certain O,
concentration, as shown in FHg : e.heatepWas operated at its maximum energy-input rate,

airly constay O°F) until an O, concentration of approximately
e temperature difference between locations #6 and #1 increased at
entpation of 14 percent, the temperature difference had
. Whenthe heater was operated at its minimum energy-input rate, the

ad fairly constant (~ 50°F) until an O, concentration of approximately 16
percent. Bel 5 2 temperature difference between locations #6 and #1 increased at an
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6.25 Bimetallic Switch

e the heater can operate at different energy-input rates, the temperature
sensed by the bimeta iteh will vary. For example, the steady state temperature on the backside of
the heat reflector (locati@’s in the temperature tests), ranged from 800°F to 860°F, when the heater was
operated at its minimuntand maximum energy-input rates, respectively. When the heater was operated at
its minimum energy-input rate during the oxygen depletion tests, the temperature peaked at approximately
880°F, at an O, concentration of approximately 15.4 percent. The peak temperature of 880°F is very close
to the norma operating temperature of the heater operating at its maximum energy-input rate. Slight
temperature fluctuations during normal operating conditions could cause the shutoff system to activate
unintentionally during normal operation. Additional tests are required to determine what effect the
ambient temperature has on the temperature sensed by the bimetallic switch. Furthermore, tests with
identical heaters are required to confirm that all the heaters will perform similarly (i.e., the temperature
sensed by the bimetallic switch will be similar).
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7. CONCLUSIONS

Based on some preliminary tests, CPSC staff believes that an automatic CO shutoff system is
technically feasible for tank-top heaters. The shutoff systems considered in this report fal into two
genera categories. those that activate based on the CO concentration and those that activate based on the
O, concentration. A shutoff system based on the O, concentration was considered, because the rate of CO
generated by a tank-top heater is, in genera, afunction of the O, concentration. This report is not
intended to cover all possible shutoff technologies, only ones CPSC staff believes are most likely to be
suited for portable heater applications.

Severa of the shutoff systems require the use of an external urce, such as batteries, to
operate. Staff was able to demonstrate that a thermoel ectric generat used to convert heat into
electrical power, in order to power a shutoff system. However, jssues with the time
required to heat the thermoel ectric module during the start-up -based power source
appears more practical for a portable heater application.

Thisreport is intended as afirst step in the dev
tank-top heaters. Additiond testing and developmen racticality
of various designs of CO shutoff systems.
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APPENDIX A. SUMMARY OF OXYGEN DEPLETI

NTEST DATA

Heater ACH Energy -Input co O Reason Average CO
Sample Test # (Whn) Rate Maximum Minimum Heater ?hut Generetglon Rate

(Btu/hr) (ppm) (%) Off (ft/hr)

1 3.30 12,800 253 135 0.056

A 2 2.56 10,100 375 135 0.067
3 2.98 13,100 972 12.9 5.2 S 0.178

4 2.50 10,600 S 0.168

1 2.93 12,900 S 0.139

2 2.58 10,000 S 0.085

B 3 2.39 9,200 SS 0.076

4 254 9,500 1.75 S 0.085

5 231 9,900 3.00 S 0.195

1 2.52 12,400 183 S 0.177

2 0.83 FSE 0.097

3 1.58 FSE 0.095

c 4 1.75 FSE 0.088

5 1.75 FSE 0.081

6 142 FSE 0.120

7 2.00 SS 0.097

8 2.75 S 0.180

1. SS = Concentrations of CO, G, CO,, and HC dl reached steady state; FSE = Flame Self-Extinguished,
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